ABSTRACT The negative impedance characteristics of a constant power load (CPL) can easily lead to the instability of the DC bus voltage. To improve the stability of the DC bus voltage, an adaptive backstepping sliding mode control strategy for a boost converter with the CPL in DC microgrid is proposed. First, to carry out the backstepping control, the zero dynamic stability of the system under different output functions is studied by using input-output exact feedback linearization theory. The model is transformed into a linear system in Brunovsky canonical form, which solves the nonlinear problem caused by the CPL and the nonminimum phase problem of the boost converter. Then, under the premise of ensuring large signal stability, an adaptive mechanism is introduced into the design of the backstepping sliding mode control. The adaptive backstepping sliding mode controller is designed by adaptively updating the switching gain in real time. Furthermore, the Lyapunov theory is used to prove the global asymptotic stability of the overall closed-loop system. Finally, the numerical simulation and experimental results show that the proposed control strategy has better dynamic regulation performance and stronger robustness compared with the conventional double closed-loop PI control method.
I. INTRODUCTION
With the growth of energy demand and the depletion of traditional fossil energy, renewable energy has received more and more attention. In recent years, the massive integration of renewable energy and the increasing number of electronic loads have made DC distribution systems and DC microgrids options for building more efficient and portable systems. The DC microgrid not only has the advantages of a high overall system efficiency and easy connection with renewable energy and consumer electronics but also is exempted from problems of frequency synchronization, reactive current, and phase imbalance compared with AC microgrids. Therefore, DC microgrids have been widely used in electrical energy systems [1] . In a DC microgrid, a large number of electronic loads are connected to the DC bus. When the load is controlled to output a constant power, it behaves as a constant power load (CPL). In DC power systems, CPLs exist in automotive systems and space power systems in the form of
The associate editor coordinating the review of this manuscript and approving it for publication was Ludovico Minati. distributed power or motor drives [2] . In the field of avionics, nearly 75% of aircraft loads show CPL characteristics [3] . Therefore, the stability and reliability of DC microgrids with CPL have become the focus of attention [4] , [5] .
Maintaining the stability of the DC bus voltage is a key issue to ensuring the stability of the DC microgrid. However, the CPL has negative impedance characteristics [6] , [7] , which reduces the damping coefficient of the system, resulting in the instability of the DC bus voltage. In addition, the DC microgrid with CPL is a typical switching nonlinear system, posing great limitations to the direct application of linear control methods in the design of such system controllers. In recent years, the exact feedback linearization (EFL) method, developed from the differential geometry theory [8] , has successfully solved the problem of converting nonlinear systems to linear systems. Moreover, the linearization process does not ignore any higher-order nonlinear terms. Thus, the EFL method has been widely used in the control of power electronic switching converters [9] , [10] . In [10] , the control of a three-phase AC/DC voltage source converter is implemented by using the input-output EFL method.
However, most of the EFL control methods are based on assumptions of the exact mathematical model of the nonlinear system, without considering the uncertainty of the actual system parameters or the influence of external disturbances on the system. Additionally, this method cannot be directly applied to systems with unstable zero dynamics [11] . Therefore, when the system does not meet the conditions of exact linearization, it is also necessary to consider the stability of zero dynamics; otherwise, the system may be non-minimum phase, resulting in negative regulation characteristics [12] . This deteriorates the dynamic quality of the control system, resulting in a prolonged system transition time. In the negative regulation period, the controller receives the opposite feedback signal to form a positive feedback system, seriously affecting the transient performance and steady-state performance of the system.
To solve the instability problem of DC-DC converters caused by CPLs, researchers have proposed numerous control algorithms. A bus voltage stability control method based on state feedback linearization [2] is proposed to ensure the stability of the multi-converter DC power supply system with a CPL. A loop cancellation technique [3] is proposed to overcome the unstable effects of DC-DC converters caused by CPLs. Based on the EFL theory, the system is made into a minimum phase system in [11] by injecting a small-signal inductor current at the output node to facilitate controller design. A current control strategy [13] for boost converters with CPL is proposed, and the stability of the system is analyzed in the context of a small signal model. In [14] , the dynamic stability of a DC microgrid with a CPL is analyzed, and then model predictive control is proposed to control the CPL, making the system robust. A passive controller [15] for an adaptive damping distribution for the boost converter with a CPL under a DC microgrid is proposed. The control algorithm ensures the stability and fast response of the system under different modes when the load changes. In [16] , based on the EFL of the buck converter with a CPL, a control method combining feedback control and feedforward control strategies is used to control the system, improving the dynamic performance. A passive damping control method [17] is proposed to effectively convert a CPL into a resistive load, thus avoiding the influence of the CPL negative impedance characteristics but greatly reducing the efficiency of the system due to its large volume. Active damping control methods are mentioned in [18] and [19] . In [19] , a compensation current is added to the CPL to modify the control structure, and a capacitor power component is added to the CPL to alleviate the impact of the CPL. The stability control problem of the DC microgrid under a CPL is studied in [20] , and a Kalman filter and robust feedback controller are proposed to improve the robustness of the system. A control strategy combining a nonlinear disturbance observer (NDO) and backstepping control [21] is proposed for the boost converter with a CPL under a DC microgrid to improve the dynamic response of the system.
The above algorithms solve the instability problem of the DC-DC converter with a CPL to some extent. However, when the system has unstable zero dynamics, or the mathematical model is not accurate, further research on more robust methods is needed to ensure the normal operation of the system. Sliding mode control (SMC) method receives much attention in power electronic converter due to its strong robustness to external disturbances, unmodeled dynamics and parameter uncertainties [22] - [28] . A sliding mode duty-cycle controller (SMDC) [22] is applied to a buck converter with a CPL to enable the system to operate stably over the entire operating range in the presence of significant changes in the load power and input voltage. A robust pulse width modulation sliding mode controller [23] is proposed, in which a new nonlinear curved surface is adopted to ensure the stability of the converter system with a CPL. Although SMC can suppress the influence of system parameter changes on the system, the use of a fixed sliding mode gain may result in a strong chatter phenomenon. Additionally, SMC is a control technique that requires internal dynamic stability [11] ; however, whether the system zero dynamics is stable has not been studied in the literature. In recent years, the backstepping sliding mode control (BSMC) method has been highly valued for its complete adaptability to system disturbances and parameter perturbation [29] , [30] . This method based on step-bystep backstepping algorithm with strictly guaranteed large signal stability avoids the impact of unstable zero dynamics on the system. An improved BSMC method based on error compensation [30] is proposed for the nonlinear power system of the generator steam valve, achieving good results for suppressing system disturbances. However, to determine the switching gain of the BSMC, it is necessary to acquire in advance the upper bound information of the parameter uncertainty and external disturbance. Since such information cannot be obtained in most cases, severe chatter may occur if a conservative method is used to select a large switching gain to ensure the stability of the system [30] .
To address the above problems, this paper proposes a nonlinear control strategy that combines the EFL technique and the adaptive backstepping sliding mode control (ABSMC). For the instability caused by the CPL, the original nonlinear system is transformed into a linear system in Brunovsky canonical form by the EFL technique, facilitating the design of the BSMC. Then, the adaptive mechanism is introduced into the BSMC to solve the problem that the traditional BSMC cannot estimate a priori the upper bound information of the disturbance and the system parameter uncertainty, reducing the influence of the chatter on the system. Taking the boost converter with a CPL as the control object, the design steps of the proposed control strategy are analyzed in detail. Finally, the superiority and correctness of the proposed control strategy is verified by simulation and experiment.
The paper is organized as follows. In part II, the affine nonlinear model of boost converter with CPL in DC microgrid is established. In part III, the zero dynamic stability of the system under different output functions is discussed based on EFL theory. In part IV, the ABSMC strategy is proposed based on the transformation of the original nonlinear system to a linear system in Brunovsky canonical form, and the global asymptotic stability of the closed-loop system is proved based on the Lyapunov stability theory. In parts V, the numerical simulation between the proposed control strategy and the conventional double closed-loop PI control strategy is carried out, and the simulation results verify the superiority and correctness of the proposed control strategy. In parts VI, the experiments on the proposed control strategy is carried out, and the experimental results verify the feasibility of the proposed control strategy. The conclusions are presented in part VII. Fig.1 shows a typical DC microgrid structure [31] . The DC source provides the required voltage for the DC bus through a DC-DC converter, and a large number of electronic loads, such as the controlled rectifier or the inverter, connected to the DC bus can be regarded as CPLs. The bus voltage provides not only a constant voltage for the resistive load but also a constant power to the CPLs to ensure the proper operation of the various loads. The negative impedance characteristics of the CPL and the changes in the load or distributed power supply can cause fluctuations in the DC bus voltage and even the instability of the entire DC microgrid. Fig.2 shows a simplified DC distribution system. In the system, the distributed power supply provides voltage to the DC bus through a boost converter, and the resistive load and the CPL are connected in parallel to the DC bus. V in is the total input voltage of the distributed power supply, L is the filter inductor, C is the filter capacitor, R is the total resistive load, v C is the capacitor voltage, i.e., bus voltage, i L is the filter inductor current, P is the lumped constant power load, i o is the output current, D is the diode, Q is the switching device. The voltage-current characteristics of a CPL is given by i P = P / v C , where i P is the instantaneous values of input current of the CPL.
II. SYSTEM DESCRIPTION AND ITS AFFINE NONLINEAR MODEL
Assuming that the system works in continuous current mode (CCM), the average model of the boost converter with CPL shown in Fig. 2 is established by state space averaging:
where d is the duty cycle. Equations (1) shows that the system is a nonlinear system. For a general single-input single-output affine nonlinear system:
where x = [x 1 , x 2 , . . . , x n ] T , u and y represent the state, input and output of the system, respectively, n is the dimension of the system. Comparing (1) and (2), the boost converter with a CPL is a canonical affine nonlinear system, in which
where
III. INTERNAL STABILITY ANALYSIS OF SYSTEM UNDER DIFFERENT OUTPUT FUNCTIONS
For a particular nonlinear system, when the system does not meet the full linearization condition, the system will have unstable zero dynamics, making the system a non-minimum phase system. Therefore, it is necessary to discuss the zerodynamic stability of the system. The conditions for the system to be fully linearized are given below. For the affine nonlinear system shown in (2) , if the following two conditions are true:
], for all x near x 0 , is constant and equal to n; and 2) The set of vector fields B= {g(x), ad f g(x), . . . , ad n−2 f g(x)} are coincident at x= x 0 , VOLUME 7, 2019 where ad f g(x) represents the Lie bracket of the vector field g(x) and another vector field f (x), then there must exist a function η(x) such that the degree of relationship r of the system atx= x 0 is equal to the dimension n of the system, i.e., the given system can be accurately linearized on an open set of x= x 0 into a controllable linear system -Brunovsky canonical form [8] .
The zero dynamic stability of the system under different output functions is studied below.
A. INTERNAL STABILITY ANALYSIS UNDER CAPACITOR VOLTAGE
Take the capacitor voltage as the output function:
where L g h 1 (x) represents the Lie derivative of the output function h 1 (x) with respect to vector field g(x). The degree of relationship is r = 1, which is less than the dimension n = 2 of the system. Therefore, by controlling the capacitor voltage, the system can only achieve partial linearization. For this reason, it is also necessary to verify the zero-dynamic stability of the system. To complete the coordinate transformation, let ξ 1 = x 2 . According to the input-output EFL theory, the function η 1 (x) corresponding to the internal dynamics satisfies the relationship L g η 1 (x) = 0, and one of the solutions η 1 (x) is:
Thus, the internal dynamic equation of the system is:
Let the zero dynamics of the system at ξ 1 = 0 be:
According to (8) , an equilibrium point and the Jacobian matrix can be calculated as:
Then the eigenvalue of (8) at the Q 1 can be obtained as:
in (PL) which is located in the right-half complex plane, thus the zero dynamics shown in (8) are unstable. Therefore, it is a nonminimum phase system when the capacitor voltage is used as the system output feedback value.
B. INTERNAL STABILITY ANALYSIS UNDER INDUCTOR CURRENT
Take the inductor current as the output function:
The system can only achieve partial linearization. By using the internal dynamic function η 2 (x) = η 1 (x), which is consistent with the capacitor voltage, the zero dynamic of the system can be obtained as:
An eigenvalue of (10) can be obtained as:
which is located in the left-half complex plane, thus the zero dynamics shown in (10) are stable. It is a minimum phase system. Therefore, the stability of the bus voltage can be indirectly controlled by controlling the inductor current.
IV. ADAPTIVE BACKSTEPPING SLIDING MODE CONTROL
It can be seen from the above analysis that although the stability of the bus voltage can be indirectly controlled by controlling the inductor current, the problems of indirect regulation are that the system cannot form an output response and that the bus voltage response changes with the openloop dynamics, resulting in a slower response and excessive overshoot [9] . Therefore, the output function h(x) must be redefined to meet the requirements for full linearization.
From the above analysis, h(x) can be taken as:
Therefore, the coordinate transformation can be taken as:
After the coordinate transformation, the original nonlinear system can be transformed into the following linear system in Brunovsky canonical form:
where z 1 and z 2 are state variables of transformed linear systems, v is a new control variable and it has the following relationship with the control variable d of the original nonlinear control system (1):
Considering the uncertainty of the converter coefficient or the influence of external disturbances, the model established by (13) is inaccurate, and Equation (13) can be rewritten as:
where F(t) is the overall uncertainty of the uncertainty term and external disturbances.
Assumption: The system disturbance and the uncertainty term F(t) is bounded, that is, |F(t)| < F(t) max holds, where F(t) max is an unknown positive constant.
The traditional backstepping control method cannot guarantee the robustness. The introducing of the sliding mode term can overcome the disturbances and guarantee the robustness of the controller [32] . To this end, the ABSMC algorithm is designed, with the control objective of making the system accurately track the target value under the influence of F(t).
According to the backstepping design idea, first the tracking error and its first derivative are defined as:
where z 1d is the reference value of z 1 , z 2 can be regarded as a virtual control variable. To makeė 1 = −c 1 e 1 (c 1 is a positive constant to be designed), one can let:
To find the conditions that z 2 − αtends to zero, the second error variable is defined as:
By substituting (18) and (19) into (17), the first derivative of e 1 can be obtained as:
1) Select the Lyapunov function as:
if e 2 = 0, thenV 1 ≤ 0. To do this, the next step design is needed. The derivative form of e 2 is:
2) Select the Lyapunov function as:
According to sliding mode control theory, select the sliding mode surface:
The sliding mode approach law [33] is selected as:
where k 2 > 0 is the parameter which controls the convergence speed and k 1 > 0, which depends on the magnitude of uncertainty.
Combining (25) , (26) and (27) , the control law can be designed as:
Substitute (28) into (25), the results can be obtained as:
According to the working principle and actual working conditions of the boost converter with a CPL, the variation of the filter inductor, capacitor and load is limited; thus, F(t) has an upper bound, and let F(t) ≤ K , where K is the upper bound of F(t). To ensure the stability of the system, select the control parameter K ≤ k 1 . From (29):
According to the Lyapunov stability theory, the system is asymptotically stable at (e 1 , e 2 ) = (0, 0) from (24) and (30) However, the selection of the switching gain k 1 in the above design depends on the upper bound K of F(t). If a conservative approach is adopted by choosing a sufficiently large switching gain k 1 to ensure system stability, severe chatter may occur. Therefore, the switching gain is updated in real time through the adaptive mechanism [34] , effectively solving the switching gain selection problem. Letk 1 denote the estimated value of K , and its dynamic equation iŝ
where ε > 0. According to (26) , (27) and (31), reachability condition [35] 
is satisfied. Then, the adaptive control law obtained by (28) is:
To verify the system shown in (15) , the control law in (33) and the adaptive law in (31) are used, and the closed-loop system is asymptotically stable.
3) Select the Lyapunov function as below: Then, the system (15) is globally asymptotically stable, thereby completing the design of the proposed nonlinear controller. The dynamic quality of the system can be improved by adjusting the values for parameters c 1 , ε, and k 2 . Its control block diagram is shown in Fig. 3 .
V. SIMULATION
To verify the effect of the proposed nonlinear control strategy, a system simulation model was built in this study on the MATLAB/Simulink platform, as shown in Fig. 3 . The parameters of the system used for the simulation are listed as: V in = 12 V,V cref = 24 V, L = 1 mH, C = 100 µF, R = 50 , f s = 50 kHz and P = 10 W, which a closedloop buck converter control system was connected to the aforementioned boost converter in cascades as a CPL. The controller parameters are set as c 1 = 5000, k 2 = 7000 and ε = 50.
To illustrate the superiority of the proposed nonlinear control strategy, the conventional double closed-loop PI control method is implemented for the boost converter with CPL with inner current loop and outer voltage loop. As PI parameters have impact on stability and dynamic response of the system, faster dynamics will lead to less stability margin. In the conventional double closed-loop PI controller, bandwidth frequency of the inner loop should be far higher than that of the outer loop. Generally, the bandwidth frequency for the inner current loop is set to at least 5 to 10 times that of the outer voltage loop. The bandwidth frequency of the inner current loop is constrained by and required to be far lower than the switching frequency. It is generally lower than 1/5-1/10 of the switching frequency. [36] . Here, the PI parameters for the inner current loop and the outer voltage loop are selected as: k cp = 2.66, k ci = 700 and k vp = 0.08, k vi = 139, respectively. Fig. 4 shows the dynamic response waveform of the system when P is hopped from 10 W to 1 W, 1 W to 10 W and 10 W to 65 W at 0.06 s, 0.08 s and 0.10 s, respectively. It can be seen that the capacitor voltage is stabilized at the set reference value of 24 V after two controllers are adjusted independently when P changes from 10 W to 1 W and 1 W to 10 W, thus maintaining the stability of the DC bus voltage, but the proposed control strategy has smaller overshoot and faster response speed compared with the conventional double closed-loop PI control method. The proposed control strategy still achieves the control objective and maintains system stability when P changes from 10 W to 65 W, whereas the conventional double closed-loop PI control method appears instability of DC bus voltage. Therefore, under large variation of a constant power, the proposed control strategy enables the system to have a better dynamic response speed and antiinterference ability. strategies, providing a stable power of 10 W to the constant power load to ensure the stable operation of the system. However, it is not difficult to find by examining Fig. 5 that the proposed control strategy has no oscillation process and smaller overshoot compared with the conventional double closed-loop PI control method.
The robustness of the proposed control method and the conventional double closed-loop PI control method to uncertain factors is verified. Fig. 6 shows the dynamic response waveform of the system when CPL unload at 0.06 s. It can be seen that at the moment of the sudden unloading of the CPL, the CPL rapidly drops from 10 W to 0 W under two control strategies, and the capacitor voltage has a certain overshoot and then stabilizes at the reference value of 24 V to maintain the stability of the DC bus voltage. However, the proposed control strategy has better dynamic performance obviously compared with the conventional double closed-loop PI control method. The worst-case scenario in which the system works, that is, only when the CPL is working, is considered. Fig. 7 shows the dynamic response waveform of the system when R unload and load at 0.07 s and 0.09s, respectively. As seen in Fig. 7 , the DC bus voltage can be stabilized at the reference value of 24 V under two control strategies, the power of the CPL also has a certain fluctuation, but it can absorb a constant power of 10 W from the DC bus to maintain the stable operation of the CPL. However, the system has a faster response speed and a shorter adjustment time under the proposed control strategy. Therefore, the proposed control strategy can ensure that the system works more stable and has better antiinterference performance in the worst-case scenario compared with the conventional double closed-loop PI control method.
It is further verified that the adaptive mechanism effectively attenuates the effect of chatter on the system. Fig. 8 shows the system response waveform under pure VOLUME 7, 2019 CPL operation when k 1 = 2000, k 1 takes the adaptive gain shown in (31) , and P jumps from 10 W to 20 W at 0.06 s. As seen in Fig. 8 , the system can provide the required power for the CPL, and the capacitor voltage can be stabilized at the reference value of 24 V to maintain the stability of the DC bus voltage. However, it is not difficult to find by examining Fig. 8 that, under the adaptive parameters, both the bus voltage and the inductor current have smaller overshoots. For example, when P jumps, under the condition of k 1 = 2000, large oscillation occurs at the inductor current, the bus voltage has an overshoot of approximately 2 V. In comparison, under an adaptive gain, the inductor current has no obvious oscillation, and the bus voltage has an overshoot of just over 1 V. The chatter phenomenon of the system is thus greatly weakened, verifying the effectiveness of the introduced adaptive gain. 
VI. EXPERIMENT
To further verify the correctness and effectiveness of the proposed nonlinear control strategy, a prototype machine as shown in Fig. 9 was built based on the control system shown in Fig. 3 for related experimental research, which consists of a GW Instek PSB-1400M mutilrange DC power supply, a GW Instek PEL-3031E programmable DC electronic load, DC/DC boost converter, a TMS320F2812 digital signal processor (DSP2812), sampling circuit and a Tektronix TDS 2024B four channel digital storage oscilloscope. IRF840 and TLP250 are used as switching device and gate drive circuit, respectively. CHB-25NP hall current sensor and CHV-25P hall voltage sensor are used for sampling current and voltage in the system, respectively. The control algorithm shown in Fig. 3 is implemented in DSP2812 to generate PWM signals for DC/DC boost converter. Parameters are the same as that listed in the simulation verification cases. To implement the proposed control algorithm in DSP2812, the algorithm (33) needs to be discretized in the program. As a very high sampling frequency would pose a heavy burden to the processor, the sampling is synchronized with the switching of the converter [37] , thus the sampling period of the control system is 20 µs. The current and voltage are measured by the corresponding sensors and are converted through 12-bit analog-to-digital converters of the DSP2812. In order to improve the sampling accuracy, the current and the voltage are sorted, filtered and averaged in the program, respectively, and then the average values are taken as input value of the control algorithm. Fig. 10 shows the experimental waveform of the system when P is hopped from 10 W to 65 W. It can be seen that at the moment of the CPL jump, the capacitor voltage has a certain overshoot but no oscillation, and it can stabilize at the reference value of 24 V after a regulation time of 10 ms, demonstrating a fast response speed. The proposed strategy achieves the control objective and maintains system stability under large variation of the constant power load. Fig. 11 shows the experimental waveform of the system when input voltage is hopped from 12 V to 22 V. It can be seen that at the moment of the input voltage jump, the capacitor voltage has a certain overshoot, but it is stabilized at the set reference value of 24 V after a regulation time of 20 ms. The proposed strategy possesses a good robustness against power supply voltage variation. Fig. 12 shows the experimental waveform of the system when CPL unload. It can be seen that the capacitor voltage has an overshoot of approximately 2 V, but it can stabilize at the reference value of 24 V after a regulation time of 5 ms, demonstrating a fast response speed. Fig. 13 shows the experimental waveform of the system when R unload. It can be seen that at the moment of unloading the resistive load, the output current i o is reduced from 0.48 A to 0 A. The capacitor voltage has a fluctuation, but it can be stabilized at the set value of 24 V to maintain the bus voltage.
However, the inductor current has a certain error between the experimental results and the simulation results. Further analysis indicates that during the simulation process, the switching device and the diodes are ideal, and the power consumption of the system by the voltage drop is not taken into account. However, in the actual circuit, the voltage drop and the loss of the sampling circuit are unavoidable, resulting in a small difference between the experimental waveform and the simulated waveform. Therefore, the experimental results are basically consistent with the simulation results, which verifies the correctness and effectiveness of the proposed control strategy.
VII. CONCLUSION
In this paper, a nonlinear control method combining the exact feedback linearization technique and the adaptive backstepping sliding mode control is proposed for boost converter with constant power load in DC microgrid. The proposed method has the following features:
1) The partial linearization of the nonlinear system is achieved by using the input-output exact feedback linearization technique. By studying the zero-dynamic stability of the system, it can be found that when the direct capacitor voltage is controlled, its zero dynamics are unstable, and the system is a non-minimum phase system. When the indirect inductor current is controlled, its zero dynamics are asymptotically stable, and the system is a minimum phase system. 2) On the basis of realizing the exact linearization of the system, an adaptive mechanism is introduced into the design of the backstepping sliding mode control algorithm, which solves the problem of a priori estimation of the upper-bound information of the disturbance and system parameter uncertainty and reduces the impact of chatter on the system. 3) The nonlinear control strategy proposed in this paper can be extended to other DC-DC converters with constant power loads such as buck and buck-boost converters. The controller is simple in design, easy to implement, and fully adaptive to changes in the circuit parameters.
Therefore, the proposed control method overcomes the shortcomings of the exact feedback linearization technique, including the dependency on accurate mathematical models and inapplicability to unstable zero dynamic systems, solves the instability problem caused by constant power loads, reduces the influence of sliding mode chatter on the system, and ensures the stability of the DC bus voltage.
